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Case History of Aquifer Thermal Energy Storage (ATES) 
C. Mirza 
Senior Principal, Strata Engineering Corporation, Don Mills, 
Ontario, Canada 
SYNOPSIS Aquifer Thermal Energy storage (ATES) is a relatively new energy conserving technology which 
enables subsurface seasonal storage of freely available cold of winters and heat ~f summers ford:e-us~ 
in the 0 osite season. Thermal energy is stored in aquifers, groundwater ~erv~n~ as th~ me ~um o 
energy t~~nsfer. This case history describes an ATES install~tion for an off1ce b~~lding 1n Ontario: 
Groundwater from a 10 m thick sandy aquifer at the 60 m depth ~s pumped from one pa1r of wells and re 
injected, after extraction or addition of heat, into an opposing pair .of wells. AT~S technologyinoi 
onl conserves non-renewable oil and coal based energy resources used ~n the pro~uct~on of electr ca ene~gy, but also minimizes atmospheric pollution from thermal power plant em1~s~ons. :he payback on 
investment is generally less than five years, for optimum weather and build~ng com~1nat1o~s: The 
chemical and environmental impacts of ATES, however, must be fully unders~ood, 1n add~t~on to 
geothermal and hydrogeological aspects, to ensure a successful and cost-effect1ve application. 
INTRODUCTION 
Aquifer Thermal Energy Storage (ATES) involves 
the "free" cooling or heating of an energy 
storage medium, such as an aquifer formation, 
using groundwater as the medium of heat transfer 
between an external energy source and the 
aquifer. Thus, the "free" cold of winter can be 
stored within an aquifer formation, over spring, 
to provide low cost air-conditioning during 
summer. Reject waste heat can be similarly 
stored in the same or another aquifer during 
fall, for space heating in winter. The 
geological and geotechnical requirements for ATES 
are therefore a suitable aquifer, efficient 
production and injection wells, sufficient 
groundwater yield, appropriate geochemistry, 
pumps, and heat exchangers. 
Figure 1 illustrates the principle of ATES 
operation. Well doublets are generally spaced 
100 m to 300 m, with wells in each doublet spaced 
from 50 m to 100 m apart, depending on aquifer 
characteristics, energy demands and property size 
limitations. 
Figure 1. Principles of ATES. 
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Historical Overview 
The concept of heat storage underground dates 
back to the late 1940's. Penrod et al. (1949) 
first promulgated the potential use of heat pumps 
to tap the earth's energy. Margen (1959) 
proposed storage of heat in the form of hot water 
in underground caverns. Brun (1964) proposed 
underground storage of solar energy. Meyer and 
Todd (1974) developed theoretical models on well 
storage of heat in aquifers. Mathey (1975) 
experimented with the injection of Lake Neuch!tel 
water in aquifers at a temperature different from 
that of the aquifer. 
In the USA, initial theoretical formulations on 
energy storage in geological media were started 
at the Lawrence Berkeley Laboratory of the 
University of California (Tsang et al., 1976). 
This was followed by field trials in Mobile, 
Alabama (Molz et al., 1979). The US Department 
of Energy funded R&D contracts on ATES 
technology, with coordination by Pacific 
Northwest Laboratories (Battelle), Richland, 
Washington (Kannberg, 1985). 
A complete listing of current (1992) known or 
published ATES projects in several countries is 
provided by Jenne et al. (1992). Briefly, the 
majority of ATES projects (operating or 
experimental) are located in China, sweden, the 
Netherlands, and France, with Canada and the USA 
close behind. on the campus of Stuttgart 
University, a 1, ooo m3 artificial aquifer was 
built (Wagner et al., 1988) for ATES due to 
strict German laws governing injection of 
groundwater. In Finland unconfined aquifers. such 
as eskers are normally used for ATES (Iihola, 
1990). The SPEOS project in Dorigny, 
Switzerland, close to the Polytechnical 
University of Lausanne, uses two aquifers with 
radial wells in each emanating from a central 
shaft (Saugy et al., 1988). 
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ATES technology is environmentally benign if 
certain precautions are taken during pre-
implementation stages (Mirza, 1991). Problems 
associated with precipitation or dissolution of 
minerals due to thermal changes in the subsurface 
environment must be predicted since they 
influence scaling or corrosion of mechanical 
components. Temperature changes can also 
influence microbial activity, which must be 
determined by careful sampling and assays of the 
aquifer minerals and groundwater. 
Research is currently in progress under the 
aegis of the International Energy Agency, Annex 
VI, to study the chemical, microbiological and 
environmental impacts of ATES technology 
(Snijders, 1991). coupledgeothermal-geochemical 
transport models are being developed (Willemsen, 
1992, Vail et al., 1992) to confirm the 
effectiveness of various water treatments to 
minimize scaling, corrosion and biofouling of 
wells, aquifers and associated facilities. 
Initiated in 1987-88, the Annex VI research is 
multi-national in scope, with participation from 
the following OECD countries: Canada, Denmark, 
Finland, Germany, The Netherlands, sweden, 
switzerland and the USA. 
CANADA CENTRE ATES PROJECT 
The Canada centre building is one of three full 
scale ATES projects in canada (Morofsky, 1983). 
The first project, known as the AES Building 
(Angus and Williams, 1981), consisted of six 
wells, but was abandoned due to excessive sand in 
the producing wells, and problems with re-
injection of the groundwater due to the presence 
of dissolved gases. The latest full scale 
project is located on the campus of Carleton 
University (Thiessen, 1990) , and consists of 
several wells drilled into two distinct bedrock 
aquifers on either side of a fault through the 
site. 
The Canada Centre Building is located on 2.2 
hectares of a rectangular shaped property in the 
City of Scarborough within Metropolitan Toronto 
in Ontario, canada. It was designed for Public 
Works Canada as an energy efficient office 
building to accommodate 1, 900 workers on 12 
floors, with two levels of parking below grade. 
During routine geotechnical drilling in 1980-81 
for the design of foundations of the building, it 
was requested that a borehole be extended deeper 
to see if a suitable aquifer existed for an ATES 
system to be incorporated as an energy conserving 
measure. Two potentially suitable aquifers were 
found. 
As a consequence, the potential for coupling 
ATES with the previously designed conventional 
heating, ventilation and air-conditioning (HVAC) 
system of the building was investigated. 
Approval to proceed was obtained only after 
confirmation of aquifer potential, thermal 
characteristics, geothermal modelling, and cost-
benefit analyses. The project sponsors mandated 
that the ATES system be set up as a full scale 
field research facility, and that all in situ 
instrumentation remain operational for a minimum 
of ten years. 
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Aquifer characterization studies were completec 
in 1981-82. Based on these studies, it wa~ 
decided to use the lower of the two aquifers for 
the ATES system. The HVAC system was ther 
modified to include potential year-round coolinc 
of the building using groundwater from the lowei 
aquifer. The construction of the building anc 
aquifer groundwater wells was started in 1982 anc 
completed in late 1984. The ATES system was pu1 
into operation in 1985. Given the mandate o1 
conducting valid field research, some C$200, oc 
worth of instrumentation was installed, connectec 
to a central PDP-11 computing facility. 
The building energy management system we 
programmed primarily to select the most enerc 
efficient mode of heating and cooling, takii 
into account the flexibility afforded by severe 
combinations of options .<see list below) , pe1 
versus off-peak electr1cal rates, and ti 
prevailing weather. The energy componen1 
include: 
• Two steel forced draft cooling towers 
with a total capacity of 2708 kW. 
• Two hermetically sealed centrifugal 





Four short term concrete storage tanks 
of 197,500 L capacity each. 
One aquifer supplying 10 to 30 L/s of 
groundwater from each of four 200 mm 
dia. production/injection wells. 
Seven plate type heat exchangers, two 
of which are dedicated to the ATES 
system. 
Two 635 kW electric resistance boilers 
for space heating, and one standby 210 
kW electric resistance boiler for 
domestic hot water (DHW). 
• 700 m2 of evacuated tube type solar 
energy collectors using a so-so 
propylene glycol water mixture for 
DHW. 
Fifteen observation wells were drilled withi 
the. property limits, each equipped with seve 
res1stance temperature device (RTD) sensor 
sealed inside 3 mm diameter stainless stee 
tubing, and one pressure transducer. Five RTD' 
were placed within the aquifer formation at equa 
spacing, and one each 1 m into the aquitard an 
aquiclude above and below the aquife 
respectively (Mirza et al, 1985b). 
Energy moni taring devices were installed i 
1991 (Morofsky et al., 1992), to measure th· 
en7rgy bei~g consumed by the well pumps, the tw. 
ch~ller un1ts, and a large computing facility 
wh~c~ was an add-on not considered in th· 
or1g1nal energy modelling or design. 
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AQUIFER GEOLOGY AND WELL FEATURES 
The Canada Centre ATES system and the relevant 
hydrogeological features of the aquifer have been 
described elsewhere in detail (Mirza et al., 
1985a). A simplified geological section below 
the building site is given in Figure 2. The 
present ATES system operates from the lower 
Scarborough Formation aquifer, which has a 




Figure 2. Geological Section 
The Scarborough aquifer consists of a fine to 
medium sand, with a uniformity coefficient of 
about 3, and some 3-5 per cent particles finer 
than 0.075 mm. The aquifer thickness ranges from 
8 m to 12 m, averaging about 10 m. Aquifer 
transmissivity, T, ranges between 130 and 210 
m2fday, with a storativity, s, of about 10'4 , 
The groundwater chemistry is slightly alkaline, 
with a pH of about 8. The total dissolved solids 
are low, being about 300, and the hardness is 
about 250 mg/L of caco3 • Iron (Fe++, Fe+++) 
concentration was found to be rather high (nearly 
1 mg/L). It was therefore recommended that the 
groundwater remain in a closed loop, to prevent 
iron and manganese oxidation which can lead to 
aquifer and well screen clogging problems. 
Tracer tests, conducted after the wells were 
installed, showed the horizontal permeability of 
the aquifer formation to be about twice that of 
the vertical, with the highest horizontal 
velocity occurring near the base of the aquifer. 
Hence, thermal convection within the aquifer 
store was not a factor in modelling geothermal 
behaviour. 
The locations of the four production wells (PW) 
and 15 observation wells (OW) are shown in Figure 
3. The production wells are full formation 
penetrating gravel packed wells. The design of 
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Figure 4. Typical Production Well 
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Production and observation wells were drilled 
with rotary equipment, using bentonite. In well 
PW2, a biodegradable agent, Revert, was used. 
Within the Scarborough aquifer, however, all 
production wells were drilled with cable tool 
techniques, using bentonite mud. Each production 
well was then developed for a period of up to ten 
days, using air lifting and jetting techniques, 
to ensure all mud was removed, and the specified 
well efficiencies were being realized before 
acceptance. 
The well specifications called for 80 per cent 
efficiency at maximum pumping rates of about 40 
L/s, with sand yields not to exceed 1 ppm. These 
specifications were met. 
All production wells were constructed with 
stainless steel wire wound screens. The 100 mm 
thick gravel pack was placed several metres above 
the top of each screen to allow for possible 
losses and settlement during well development. 
The specific capacities of the four wells, 
measured in 1985, ranged between 115 and 142 
m3 /dayfm. 
Recent pumping tests (Strata Engineering Corp., 
1992a) show that well efficiencies have declined 
between 28 per cent and 72 per cent from those 
measured in 1985. The decline in well specific 
capacities is given in Table I. Calcite scaling, 
and perhaps biofouling, is suspected. As of this 
writing, funding is being arranged to more 
thoroughly identify the cause or causes of well 
efficiency loss and to institute effective 
remedial measures. 
Table I. Canada Centre Well Specific Capacities 
Specific Capacity (m3fdayfm) 
Well No. 1985 1987 1992 %Change 
PW 1 123.4 34.6 72 
PW 2 211.2 186.1 86.4 59 
PW 3 115.2 82.6 28 
PW 4 141.9 94.2 34 
ATES GEOTHERMAL MODELLING 
The geothermal characteristics of the Scarborough 
aquifer formation were modelled on the basis of 
mass and energy balance equations (Bodvarsson, 
1982). The mass balance equation is: 
where 
vd = k/J.£ (VP -pg) 
V is the gradient operator 
¢ is the porosity 
p is the fluid density 
k is the intrinsic permeability 
J.1. is the dynamic viscosity 
P is the pore pressure 
g is acceleration due to gravity, and 
G1 is mass source/sink. 
(1) 
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The energy balance equation is: 
6petf6t = VA.VT - V(pC1 oT Vd) + Gh (2) 
where 
er is the internal energy of fluid 
A. is the thermal conductivity of the aquifer 
T is the temperature 
C1 is the fluid heat capacity 
Gh is a heat source/sink 
oT is the interface temperature. 
A solution of the coupled equations (1) and (2) 
determines the temperature and pressure 
distributions in a saturated confined aquifer 
thermal energy storage system. The pressure-
temperature coupling arises from buoyancy effects 
due to thermal gradient induced mass transport. 
However, for small temperature gradients and low 
vertical permeabilities, the buoyancy effect is 
negligible, and may be ignored in analyses. 
For :the Canada Centre ATES site, geothermal 
modell~ng based on these governing equations was 
performed using four computer codes: 
CCC (Lippmann et al., 1977); 
PT (Tsang et al., 1980); 
AST and ASM (Hellstrom et al., 1982). 
The CCC and PT codes were developed at Lawrence 
Berkeley Laboratory. The CCC code uses an 
integrated finite difference scheme to solve the 
mass and heat balance equations for a saturated 
medium. The coupling equations are solved 
alternately by interlacing them in the time 
domain. 
In the PT code, instead of using an iterative 
solver (as for the CCC code), an efficient sparse 
matrix solver is used, and results in 
efficiencies 10 to 100 times greater than with 
the CCC code (Bodvarsson, 1982). 
~he A~T a?d ASM codes were developed at Lund 
Un~vers~ty ~n Sweden. The AST code is valid for 
a single well, and uses a finite difference 
solution to solve the governing heat balance 
equation. Entropy balance accounts for numerical 
dispersion in computing combined diffusive and 
conductive heat flows. In the ASM code a 
bipolar coordinate system is used for 'the 
d~termination of the steady state fluid flow 
f~eld due to production and injection from a well 
doublet. More modelling work has been performed 
since. t~at time at Lund University, and a 
descr~pt~on of several codes is provided by 
Claesson and Hellstrom (1992). 
ATES ENVIRONMENTAL CONSIDERATIONS 
In any ATES system, heat is exchanged between 
groundwater and the building by means of heat 
exchangers, w~ich may clog or corrode, depending 
on water chem~~try. For example, calcite scale 
may be precip~tated in hot temperature ATES 
a~pl~cations (~oyer et al, 1985). Conversely, 
p1tt~ng corros~on may occur if the groundwater is 
"aggressive" (i.e., contains ex.cessive dissolved 
oxygen) • An excess of iron or manganese in 
groundwater can lead to the formation of oxides 
of these metals, which can then clog well screens 
and near screen formation pores (Jenne et al. 
1992). ' 
Third International Conference on Case Histories in Geotechnical Engineering 
Missouri University of Science and Technology 
http://ICCHGE1984-2013.mst.edu
Therefore, most ATES systems use a closed mode 
of operation, in which the groundwater remains 
protected from the outside environment. Where 
this is not possible, means are available to 
mitigate against unwanted precipitation of iron 
and manganese oxides. Research on precipitation 
of iron and manganese away from well screens 
within the aquifer formation, using nitrate 
additions, is reported by Vanek (1990) for an 
ATES test site in sweden. 
The outbreak of Legionnaires disease resulted 
in a massive program of research in the USA and 
in Europe about two decades ago. The cause was 
Legionella sp., found commonly in cooling towers 
(and easily handled by chlorination). Research 
for the US Department of Energy (Hicks and 
S~ewar~, 1~88) show~d that in ATES systems, 
~~crob~olog~cal foul~ng by allocthonous (i.e. 
1ntroduced from the external environment) 
bacteria is not a problem. current Annex VI 
research is showing that ATES systems are 
generally safe from pathogenic species in the 
natural aquifer environment. 
Environmental considerations should include a 
review of the following potential impacts (Strata 
Engineering Corp., 1992b): 
• Physical Impacts - such as: subsidence of the 
ground due to extraction of groundwater; effects 
on nearby groundwater users; potential swelling 
of clay minerals under raised temperatures· 
potential shrinkage of clay due to thermal 
gradient induced moisture migration; hydraulic 
~r~ctu:.;ing of aquifer formations due to high 
7nJect~on pressures and consequent piping or 
~nternal erosion and sand production in the wells 
at a later stage; and the like. 
• Chemical Impacts - such as: thermally induced 
chemical speciation within the aquifer sediment 
and the groundwater with attendant chemical 
alterations at or near producing and injection 
wells .and the Pl?-Ysical plant infrastructure; 
corros~on or scal~ng of well screens, pipes and 
mechanical systems; and, potential release of 
methane from aquifers, and CFC's, freon, and 
other refrigerants from heat pumps and chillers. 
• Microbial Impacts - such as: bacteria, virus 
fungi, spore contamination, growth, displacement' 
andfor potential transfer to the human hygien~ 
environment; accidental introduction of 
pathogenic species into the ATES aquifer; methods 
of sterilization and access to wells to do so. 
• Thermal Impacts: The operating thermal regime 
of a proposed ATES system is an integral and 
central component of some or all of the physical, 
chemical and microbial impacts described above. 
The maximum and minimum temperatures of the 
system will, for example, influence calcite 
dissolution from the colder operating portion of 
an aquifer and deposition in the warmer regions. 
Some bacteria and virus species exist and 
multiply at certain optimal temperatures, and if 
these species are present in the aquifer, 
corrective and preventative actions may be 
required. 
ATES SYSTEM OPERATION 
The Canada Centre ATES energy management system 
was initially designed and intended solely to 
provide cooling, based on projections of cooling 
load demands from a design building occupancy of 
1,900 work places. The system design called for 
groundwater to be pump~d up from "warm wells", 
PW3 and PW4, at an amb~ent temperature of about 
9-10° C, and cooled down to about 6-7° c in the 
cooling towers in the penthouse of the building. 
During summer, the groundwater, at an average 
stored temperature of between 8-9° c, was to be 
pumped up from the "cold wells", PW1 and PW2, to 
cool the building. The warm return groundwater, 
at an average temperature of about 13° c, was 
then to be re-injected into the warm wells. 
In actual fact, due to lack of occupancy, more 
heating than cooling was required for the first 
few years. Between 1985 and 1989, summer and 
waste space heat was rejected into wells PW3 and 
PW4 (warm wells) at groundwater injection 
temperatures ranging between 12° c and 15°C, for 
recall during winters for supplementary space 
heating purposes. 
In 1989, with increasing space occupancy and a 
corresponding increase in cooling demand the two 
chiller units were converted to heat pump mode at 
a cost of about C$80, 000. Groundwater is now 
drawn from the warm wells, PW3 and PW4 at an 
ambient temperature of about 12° c, and cooled 
down to 3 o C. The colder groundwater is then 
inj~cted into the cold wells, PW1 and PW2. 
Dur1ng summer, cold water, at an incoming 
temperature of about 5° c, is drawn up from the 
co~d wells, and used for air conditioning of the 
bu1lding. The condenser-side reject heat from 
the he~t pumps. h~s supplied all or a major 
proport1on of bu1ld1ng space heating requirements 
during the winters of 1990 and 1991. The 
resulting energy savings have been significant 
as confirmed by energy monitoring. ' 
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ENERGY MONITORING 
The total electricity purchase for the canada 
Centre building, with a floor space of 30 000 m2 
has been fairly steady, at between 7 soo and 
8,000 MWh per annum, irrespective of th~ heating 
and cooling degree days (18°C), which are on 
average, about 3,750 and 300, respectively. The 
occupied floor area is 25,300 m2 • A review of 
the purchased electricity records showed total 
energy consumption values of about 300 kWhfm2 of 
the occupied floor space, until about 1989 
(Hickling Corp., 1990). After conversion of the 
two chillers to heat pump mode, the purchased 
energy consumption of the occupied floor space 
has dropped to about 250 kWhfm2 • The energy 
consumed per work place has also declined from 
over 8,400 kWh in 1985 (900 work places), t~ less 
than 5,000 kWh during 1989 (1,500 work places). 
To confirm modelling predictions and to 
quantify economic benefits more precisely, an 
energy monitoring system was installed in 1991 
(Morofsky et al., 1992), primarily to monitor the 
energy demands of the chiller heat pumps and the 
aquifer pumps. 
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Because a central computinq facility was added 
to the buildinq load in 1986-87, it was felt that 
the same monitorinq system should also capture 
the electrical enerqy consumption of this 
facility. 
The software for the enerqy monitorinq system 
has built-in processinq and analysis 
capabilities, and is set up to scan each 
monitorinq point once every 10 seconds. The 
electrical power consumption values are averaqed 
over 5 minute intervals and loqqed. They are 
then internally inteqrated into daily values of 
enerqy consumption. Daily enerqy profiles and 
totals are saved on disk. The system has been 
desiqned with a modem interface, for ease of 
information recall. 
Enerqy Savinqs Achieved 
Verified loqs of enerqy consumption show that the 
averaqe daily (24 hour day) enerqy consumption, 
between mid-November 1991 and mid-February 1992, 
was as follows: 
Chiller Heat Pumps 
Aquifer Pumps PW1 and PW2 






The central computinq facility is cooled at 
niqhts and weekends with cold water from the cold 
wells, PW1 and PW2. Assuminq the niqht and 
weekend coolinq load . of the central computinq 
facility to be 50 per cent of its averaqe daily 
load (or about 3,000 kWh), it can be seen that 
the aquifer is providinq a coefficient of 
performance (COP) equivalency of just over 4, 
since the pumps have consumed only 732 kWh in so 
doinq. 
Durinq the same monitorinq period (November 
1991 to February 1992), almost all of the 
building heatinq load was met with the heat pumps 
(condenser heat), with the warm wells flowinq at 
only about 12 Lfs. Hence, the estimated COP of 
winter operation is likely between 5 and 6, when 
the "free" coolinq provided durinq the summer of 
1992 is taken into consideration. The May, 1992 
groundwater temperature was 4. 5° c in PW1 and PW2 
and about 5.5° c in the nearby observation wells. 
The qroundwater temperature rose to about 6.5°C 
by mid-June, 1992, and at the end of summer has 
averaqed about go C, which is the ambient 
qorundwater temperature in the Scarborouqh 
formation. 
Due to an unusually cool summer in 1992, it is 
expected that the total heatinq demand durinq the 
winter of 1992-93 may not be met with the aquifer 
and heat pumps, and therefore supplementary 
heatinq may be required from the electrical 
resistance boilers. 
CONCLUSIONS 
Aquifer Thermal Enerqy Storaqe (ATES) is a viable 
enerqy conservinq and environmentally beniqn 
technoloqy, provided its technical and practical 
benefits and disbenefits are fully understood and 
diliqently applied in desiqn and construction. 
1282 
ATES requires a qood knowledqe of qeoloqy and 
hydroqeoloqy, and an understandinq . of ~he 
qeothermal qeochemical and m~crob~al implication~ for the operatinq temperatures bei~q 
contemplated. Where problems have occurred ~n 
installations elsewhere, they have been caused by 
the newness of ATES technoloqy, unintended mis-
applications, or discovery of problems not 
heretofore encountered. Hence, research is 
needed to further examine th~ lonqer ~erm 
consequences of ATES ~n operat~~q econom1cs, 
enerqy savinqs, and env~ronmental ~mpacts. 
To this end, ATES system must be accompanied by 
appropriate instrumentation, monitorinq, and 
informed evaluation, for the resultinq 
information to be shared with the community of 
common interest. 
This case study shows that enerqy savinqs are 
possible with ATES, and that environmental 
benefits accrue throuqh reductions in atmospheric 
emissions, especially in those jurisdictions 
where power utilities use non-renewable 
hydrocarbon resources or expensive imported fuels 
for qeneration of electricity. 
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